Pseudomonas putida Fl (PpF1) initiates the oxidation of toluene by incorporating both atoms of molecular oxygen into the aromatic nucleus to form (+)-cis-1(S),2(R)-dihydroxy-3-methylcyclohexa-3,5-diene (cis-toluene dihydrodiol; 13, 18, 30) . This reaction is catalyzed by a multicomponent enzyme system which has been designated toluene dioxygenase (28) . The individual components of toluene dioxygenase have been purified and are organized as shown droxy-6-oxo-2,4-heptadienoate, which is further metabolized to 2-hydroxypenta-2,4-dienoate and acetate. These reactions and the gene designations for the individual enzymes involved are shown in Fig. 2 .
Although the biochemistry of the dihydrodiol pathway shown in Fig. 2 is reasonably well understood, little is known about the genetic organization and regulation of the reactions that are involved. Our previous studies have shown in Fig. 1 . A flavoprotein, ferredoxinTOL reductase (25) , accepts electrons from NADH and transfers them to a small iron-sulfur protein, ferredoxinTOL (26) . FerredoxinTOL then reduces the terminal oxygenase which is a large iron-sulfur protein that has been designated ISPTOL (15, 24) . The reduced oxygenase catalyzes the oxidation of toluene to cis-toluene dihydrodiol. The structural genes for the three protein components of toluene dioxygenase have been termed todA, todB, and todC, and mutants defective in each of the genes have been isolated (11) . The further metabolism of cis-toluene dihydrodiol involves an NAD+-dependent dehydrogenation reaction to form 3-methylcatechol (21) . Extradiol cleavage at the 2,3 position by 3-methylcatechol 2,3-dioxygenase yields 2-hy- genetic organization and direction of transcription of the tod genes coding for the catabolism of toluene to 2-hydroxypenta-2,4-dienoate and acetate.
MATERIALS AND METHODS
Bacterial strains, plasmids, and media. The bacterial strains and plasmids used are listed in Tables 1 and 2 . The transpositional mutants isolated during this study are also listed (see Tables 4 and 5) , and the recombinant plasmids constructed are shown (see Fig. 4 ). Mineral salts base medium (MSB) was prepared as described previously (23) . Toluene was introduced to cultures in the vapor phase. Nitro Blue Tetrazolium/2,3,5-triphenyl-2H-tetrazolium chloride indicator medium (NBT-TTC) for mutant screening was previously described (11 Antibiotics, when needed to select for plasmids, were added to the media at the following concentrations: kanamycin, 25 p.g/ml for P. putida and 50 ,ug/ml for Escherichia coli; streptomycin, 25 pg/ml for both E. coli and P. plutida. P. plutida was grown at 30°C, and E. coli was grown at 37°C. Generation and screening of Tn5 insertional mutations. PpF1 and PpF401 were each filter mated with E. coli NECO(pRKTV14). Equal volumes of an exponential-phase donor culture and a stationary-phase recipient culture were pushed onto a sterile 0.45-p.m-pore-size filter. Membranes were placed on L agar plates and incubated for 12 to 16 h at 30°C. The mating mixtures were suspended in 50 mM KH2PO4 buffer (pH 7.2) and plated on selective media. Auxotrophic Tn5 insertional mutants were obtained by plating the mating mixture onto L agar supplemented with kanamycin and chloramphenicol. Chloramphenicol (50 p.g/ ml) was used to prevent growth of the donor NECO-100(pRKTV14) while still allowing growth of the recipient PpF1. Kanamycin-resistant colonies were subsequently tested for their ability to grow on MSB medium supplemented with 0.2% glucose. Strains unable to grow on this medium were characterized by using the auxanography procedures described by Davis et al. (4) . Selection and screening of tod: :Tn5 insertional mutants were performed by plating the mating mixture onto NBT-TTC indicator medium supplemented with kanamycin and chloramphenicol. These plates were incubated in the presence of toluene vapors for 48 h at 30°C. The screening of mutant strains on this indicator medium has been previously described (11) . The particular enzymes missing in these mutant strains were determined by enzyme assays of crude cell extracts as described previously for mutants generated by N-methyl-N'-nitro-N-nitrosoguanidine (Finette and Gibson, submitted). The reversion frequencies of TnS-generated mutants were determined by growing cells in L broth to stationary phase (1011 cells per ml) and plating onto MSB glucose or MSB toluene medium.
DNA techniques. DNA was prepared by a modification of the alkaline-sodium dodecyl sulfate procedure of Birnboim and Doly (3) as described by Ish-Horowitz and Burke (17) and was purified by centrifugation in a cesium chlorideethidium bromide density gradient. DNA was stored at -20°C in TE buffer (10 (6, 22) . Plasmid DNA was transformed into E. coli by using a calcium chloride-thymidine-glycerol procedure (19) . Plasmid DNA was introduced into P. putida PpF1 by a triparental mating, using pRK2013 as a mobilizing plasmid as described previously (5) Table 4 . Nine phenotypically distinct auxotrophic mutants were isolated as a result of the insertion of TnS into the PpF1 chromosome. The reversion frequencies of those mutants tested ranged from 10-8 to less than 10-11. All of the prototrophic revertants tested were kanamycin sensitive. (Table 5) . Cell extracts of PpFTM38 regained toluene dioxygenase activity when supplemented with purified ferredoxinTOL, and this activity was stimulated by the further addition of ferredoxinTOL reductase. In addition, this organism also had no detectable activity for cis-toluene dihydrodiol dehydrogenase and 3-methylcatechol 2,3-dioxygenase. PpFTM40 did not contain detectable levels of either of these two enzymes. This strain accumulated cis-toluene dihydrodiol in the culture medium when grown on arginine in the presence of toluene. PpFTM11 did-not contain detectable levels of 3-methylcatechol 2,3-dioxygenase and accumulated 3-methylcatechol when grown on solid or liquid media. Mutants PpFTM4 and PpFTM31 regained toluene dioxygenase activity only when cell extracts were supplemented with purified ferredoxinTOL reductase and ferredoxinTOL. Both mutants were devoid of cis-toluene dihydrodiol dehydrogenase and 3-methylcatechol 2,3-dioxygenase activity. Several mutants, typified by PpFTM22, had no detectable activity for any of the enzymes assayed. The polar effect on gene expression caused by the insertion of Tn5 into the tod operon suggests that the I I I Distance in Kilobases possible gene order and direction of transcription is todF, todC, todB, todA, todD, and todE. However, the positions of todF and todC, as well as todB and todA, could be reversed and still agree with the data presented. Determination of gene order in the tod operon by complementation analyses with cloned genes. The transposition experiments described above do not permit an unambiguous assignment of the order of the tod genes. Consequently, further analyses were conducted with plasmid pDTG351, which contains the todABCDE genes on a 10.7-kilobase fragment of PpF1 chromosomal DNA cloned into the vector pKT230. Plasmid pDTG351 DNA was prepared and subjected to single and multiple restriction endonuclease digestion. The resulting fragments were separated by agarose gel electrophoresis and sized as described in Materials and Methods. The calculated distances between restriction endonuclease sites was used to construct the restriction map shown in Fig. 3 .
Construction of subclones of pDTG351 and complementation experiments with tod mutants of PpFl. Subclones of pDTG351 were constructed by digestion of the DNA with the appropriate restriction enzymes, ethanol precipitation, ligation, and subsequent transformation into E. coli JM109. Each subclone was confirmed by restriction endonuclease analysis of purified DNA. The plasmids were transferred to PpF1 tod mutants by the triparental mating procedure de- are shown in Fig. 4 . This data clearly shows that the gene order must be todCl, todC2, todB, todA, todD, and todE. DISCUSSION Transposons have been used for the molecular characterization of catabolic plasmids which code for the degradation of naphthalene (29), xylenes (12) , and octane (8, 9) . The physical organization of the xyl and nah genes are similar insofar as they both reflect the sequence of biochemical reactions of their respective catabolic pathways.
In this study, we have used a suicide plasmid (pRKTV14) for obtaining insertion of TnS into the chromosome of PpF1. Plasmid pRKTV14 can easily be introduced into this strain but is not stably maintained because of its dependence on the replication genes of ColEl. A variety of auxotrophic mutants were isolated at a frequency of approximately 1.0%, which suggests that the transposition of Tn5 is random. Reversion frequency analyses indicate that once established, TnS is relatively stable in the PpF1 genome. More than 90% of the mutants isolated were also resistant to high levels of streptomycin. This is consistent with a report that Tn5 expresses streptomycin resistance in other pseudomonads (20) .
Biochemical analyses of tod::TnS mutants revealed that insertion of TnS within the tod operon results in the alteration of gene expression. The polar effect of TnS suggests that the direction of transcription within this operon is from todF to todE in the order todF, todC, todB, todA, todD, todE. However, the assigned gene order for todF and todC, as well as for todB and todA, is not unambiguous, and the results do not distinguish between todCl and todC2, which are the genes encoding the large and small subunits of the terminal dioxygenase component (24) . To determine the precise locations of the genes in the tod operon, subclones of a 10.7-kilobase fragment of PpF1 DNA known to contain the todABCDE genes were constructed. The results of complementation experiments (Fig. 4) clearly show that the gene order is tWdCl, tedC2, todB, tedA, todD, tedE.
The nucleotide sequence of the todB gene has shown that this gene is transcribed from left to right on the restriction map shown in Fig. 4 (Table 4) . However, the only todF mutant available is leaky (Finette and Gibson, submitted) , and this has prevented an unambiguous assignment of the position of the todF gene on the cloned fragment.
It is of interest that the mutants PpFTM22, PpFTM26, PpFTM27, and PpFTM41 (Table 5) are regulatory mutants rather than Tn5 insertions at the beginning of the tod operon. This is based on the fact that these mutants are not complemented by the cloned structural genes (plasmid pDTG301). In addition, revertants of PpFTM26 and PpFTM27 form blue colonies when exposed to indole after growth on L agar. This is due to the formation of indigo and is interpreted as evidence for the presence of an intact toluene dioxygenase enzyme system (7) . Therefore, these reverted strains now express toluene dioxygenase constitutively. These results indicate that the tod genes must be under positive control since an activator protein has been eliminated by the insertion of TnS. A transposon insertion in a repressor gene would result in constitutive expression of the tod genes, and such mutants were not isolated. 
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